Osteoclasts are multinucleated cells that resorb bone, and alterations in this activity have been associated with bone diseases, including osteoporosis. The cytokine RANKL (encoded by Tnfsf11) converts mononuclear cells of monocyte/macrophage lineages into fusion-competent mononuclear cells, and cell fusion of the competent cells results in a multinucleated osteoclast.
Osteoclasts are multinucleated cells that resorb bone, and alterations in this activity have been associated with bone diseases, including osteoporosis. The cytokine RANKL (encoded by Tnfsf11) converts mononuclear cells of monocyte/macrophage lineages into fusion-competent mononuclear cells, and cell fusion of the competent cells results in a multinucleated osteoclast. 1, 2 The degree of multinucleation correlates with the bone-resorbing activity of osteoclasts. Although it is known that DC-STAMP, a putative seven-transmembrane protein, is essential for the fusion, 3, 4 little is known about how DC-STAMP participates in the fusion of osteoclasts.
By monitoring the rearrangement of the actin cytoskeleton during osteoclastogenesis, we previously found the transient expression of an actin-rich superstructure during cell fusion. 5 We called it the zipper-like structure, because it morphologically resembled the adhesion zipper found in keratinocytes. To create a stable epithelial sheet, epithelia link to their neighboring cells by forming adherence junctions and tight junctions. In the initial stage of adherence junction formation, epithelia reorganize the assembly of actin filaments at the site of cell contact: 6, 7 this reorganization produces a prominent actin superstructure, called the adhesion zipper, in the filopodial processes of keratinocytes. 8 During the maturation of cell contact, the adhesion zipper seals the gap between the two cells and disappears in the established
We previously reported the transient appearance of an actin superstructure, called the zipper-like structure, during the primary fusion (fusion of mononuclear precursors) and the secondary fusion (fusion of multinucleated cells) of osteoclasts. here, we focus on the actin-based superstructures that link two precursor cells during the secondary fusion event. In one type of secondary fusion, the osteoclasts transformed the podosome belts into the zipper-like structure at the site of cell contact and the apposed plasma membranes in the zipper-like structure attached to each other via a discontinuous interface. In another type of secondary fusion, the osteoclasts used a filopodium-like protrusion that linked the two cells. Both types of cell fusion required a lag period between the adhesion of the cells and the fusion of cell bodies. thus, the secondary fusion of osteoclasts uses actin-based superstructures for cell-cell interactions before the definitive fusion of the plasma membranes.
adherence junction. Because such actin-based superstructure is also observed in fibroblasts, the adhesion zipper might represent the conserved organization of actin during homotypic cell adhesion.
A podosome is a small spot-like actin-based superstructure mainly found in cells of monocyte/macrophage lineages and v-Src transformed cells. 9, 10 The podosome is composed of a dense actin core containing Arp2/3, cortactin and gelsolin surrounded by a loose actin cloud containing integrins, vinculin and paxillin. Proteomic analyses estimate the number of components of the integrin adhesome, a relative of the podosome, to be approximately 100 ~ 200. 11, 12 Such component diversity must guarantee the dynamics of the podosome. In osteoclasts, podosomes reorganize into a large ring-like superstructure called the podosome belt on a glass. Osteoclasts in bone form a sealing zone, which is roughly equivalent to the podosome belt. The sealing zone is a cell-matrix adhesion machinery that creates an isolated space between the cell and the matrix for bone resorption. 10 Similar to the podosome, the podosome belt is composed of two functionally distinct domains: the podosome core and integrin-containing adhesion domain. 13 The rearrangement of podosome-derived superstructures in osteoclasts depends on external cues, and the differentiation signal by RANKL spontaneously induces the transformation of podosomes into the podosome belt.
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Time-lapse DIC imaging indicated that the two osteoclasts came into contact at time 12 min. The osteoclasts increased the degree of the cell contact from 22 min to 88 min, probably forming the zipper-like structure at the site of cell contact. At 90 min, a stalk-like link appeared between the two cells at the contact area, possibly representing a macroscopic stalk reminiscent of the microscopic stalk that is observed between the two apposed monolayers during the fusion of lipid bilayers. 19 Interestingly, there was no discernible change in the podosome belt monitored by EGFP-fluorescence at 90 min. At 92 min, a gap occurred in the EGFP-fluorescence, indicating a local breakdown of the podosome belt. Thereafter, the gap widened in parallel with the distortion of the plasma membrane. At 96 min, a faint EGFP signal appeared in the EGFP-negative osteoclasts, becoming stronger and developing a clear belt at 102 min. This is probably due to the replacement of actin in the podosome belt of the EGFP-negative osteoclast with the incoming EGFP-labeled actin. With time, the fused osteoclast reshaped its podosome belt. Thus, as expected, the bulk mixing of the actin in the attached osteoclasts occurred after the fusion of the plasma membranes. The disappearance of the podosome belt at the fusion site is in agreement with the notion that the reorganization of the actin superstructure at the site of cell contact is intimately coupled with the fusion of the plasma membranes.
We next examined the fine structure of the cell surface of osteoclasts. A DIC image showed that an osteoclast had numerous processes at the cell periphery ( Fig. 2A) . A DIC image of the zipper-like structure showed that the two cells were linked with numerous bridges at the cell contact site (Fig. 2B) . These results raise the possibility that the recognition by the processes at the cell surface might trigger the formation of the zipper-like structure at the site of cell contact.
Transmission electron microscopy revealed that the plasma membranes in the zipper-like structure attached to each other via a discontinous interface (Fig. 2C) . In some cases, the apposed plasma membranes looked fuzzy, possibly suggesting the local merger of the plasma membranes (Fig. 2D) . Thin bundles of actin filaments were observed in the merged region. Using scanning electron microscopy, Anderegg et al. 20 showed a clear image physical and chemical properties of the matrix on which the osteoclasts reside also change the dynamics of the podosome belt. [15] [16] [17] Because the podosome itself exhibits the dynamic fission and fusion, 18 the podosome belt probably inherits the dynamics from the podosome. In this study, we address the actin-based superstructures that appear at the contact site of two osteoclasts during the secondary fusion event.
The fusion of multinucleated osteoclasts can be monitored by following the dynamics of the podosome belt. RAW 264.7 cells were transfected with EGFP-actin, and osteoclastogenesis was induced by adding RANKL, as described previously. 5 Thus, the transfected EGFP-actin labeled the podosomes and the podosome belt in the terminally differentiated osteoclast. Figure 1 shows the fusion between EGFP-positive and EGFP-negative osteoclasts. Cell fusion between EGFP-positive and EGFP-negative osteoclasts. raW 264.7 cells were transfected with EGFP-actin and induced osteoclastogenesis by adding ranKL. the osteoclasts were processed for time lapse confocal microscopy as described. 5 Images were retrieved every 2 min. upper panel, DIC images. Lower panel, EGFP images. at 90 min, a stalk-like link appeared between two cells at the contact area (arrow). Bar, 50 μm. time 0 min. At 2 min, the filopodium recognized a fusion partner and the filopodium then linked the two cells and became thicker and shorter. This intermediate stage exhibits a morphological similarity to so-called tunneling nanotubes, transient functional connections between cells separated by a long-distance. 21, 22 The cell bodies of the two osteoclasts began to fuse at 42 min, and the reshaping of the fused cell body had finished by 70 min. In this type of osteoclast fusion, the podosome belts in the two osteoclasts maintained their independence until the fusion of the cell bodies (Fig. 3B and from time 0 min to 40 min), and the fusion of the podosome belts occurred after the disappearance of the linked filopodium ( Fig. 3B and time 40 to 44 min) . Thus, osteoclasts use at least two machineries for cell-cell interaction during in vitro secondary fusion. Importantly, both types of of the actin bundles perpendicularly aligned across the long axis of the podosome belt and argued that the generation of the actin bundles in the podosome belt was due to the interplay between the podosome core domain and integrin-containing adhesion domain. Because the zipper-like structure also makes such domain arrangements, 5 a similar mechanism could produce the actin bundles running across the cell contact site in the zipperlike structure.
We have to stress that the fusion mediated by the zipperlike structure is not a fixed mode of fusion between osteoclasts. Filopodium-mediated osteoclast fusion illustrates the sequence of cell-cell recognition, an intermediate stage, fusion of the cell bodies, and the reshaping of the fused cell (Fig. 3A) . An osteoclast with a long filopodium was exploring a fusion partner at cells to create a physical path to exchange information during cell fusion. Thus, osteoclasts use podosomes as building blocks to cope with new tasks by rearranging their configuration in local areas.
Materials and Methods

Materials.
The reagents used were obtained from the following sources: α-MEM, (WAKO, #135-15175); fetal bovine serum (FBS) (Sigma); rhodamine-phalloidin (Molecular Probes, #R415); and recombinant mouse sRANKL (PeproTech, #315-11).
Osteoclastogenesis. RAW 264.7 cells were seeded on a glass coverslip (Fisher Scientific, #12-545-82) placed in a 24-well culture dish at 1~2 x 10 4 cells in 0.5 ml α-MEM, 10% FBS, antibiotics, 0.1 mM non-essential amino acids, and 100 ng/ml sRANKL and cultured to induce osteoclastogenesis. Under these conditions, RAW 264.7 cells formed matured osteoclasts with the podosome belts by day 4. For confocal microscopy, the cells were fixed with 4% paraformaldehyde in PBS for 30 min, permeabilized with 0.5% NP-40 in PBS for 15 min, and blocked with 1% BSA in PBS for 1 h. The fixed cells were then incubated secondary fusions involve a lag between the cell-cell recognition and the membrane fusion (Figs. 1 and 3A) . During this time, the two precursor osteoclasts probably exchange information via their actin-based superstructures. Further studies are necessary to resolve when and how osteoclasts use each actin superstructure during secondary fusion.
Although osteoclast fusion appears to be homotypic, Mensah et al. 23 presented evidence of the heterotypic nature of the fusion. Signals elicited by RANKL differentiate the single population of mononuclear precursors into two populations: DC-STAMP low and DC-STAMP high cells. Fusion between DC-STAMP low and DC-STAMP high produces larger cells than the fusion between DC-STAMP low cells. In this regard, it is interesting to compare the expression level of surface DC-STAMP of the precursor cells with the appearance of the zipper-like structure during both primary and secondary cell fusions.
The reassembly of the podosomes to the new superstructures appears to create new functions. The ring-like arrangement of the podosome belt acquires the ability to seal the encircled area to generate the ruffled border membrane. The rearrangement of the podosome belt to the zipper-like structure might enable the plated on a 35 mm glass bottomed culture dish (MatTek, #P35G-0-14-C). The cells were then transfected with EGFPactin (Clontech, #632453) using the FuGENE HD transfection reagent (Roche) according to the protocol provided and allowed to differentiate into osteoclasts. The culture medium was supplemented with 100 ng/ml RANKL just before each recording. The retrieved images were processed with Photoshop CS (Adobe, CA).
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with Rhodamine-phalloidin for 30 min. Confocal images were obtained using Olympus IX71 (Olympus).
Electronmicroscopy. RAW 264.7 cells were seeded on a 35 mm glass bottom dish with grids (Matsunami, #D111505) at 1.5 x 10 4 cells in 0.5 ml α-MEM, 10% FBS, antibiotics and 100 ng/ ml RANKL and cultured for 3 d. The cells were fixed with 2% glutaraldehyde, 2% paraformaldehyde in 0.1 M PBS (pH 7.4) at 37°C for 15 min. The specimen was further fixed with 2% glutaraldehyde in 0.1 M PBS (pH 7.4) at 4°C. The cells were postfixed with OsO 4 , dehydrated and embedded in Quetol-812 (Nisshin EM, #340). The glass was dissolved by incubating with hydrofluoric acid at room temperature for 20 min. Seventy nm thick sections were obtained by cutting parallel to the substratum. Sectioning was performed between 0.5 to 0.6 μm high from the substratum. The sections were stained with uranyl acetate and lead citrate. Photographs were taken on JEM-1200EX (JOEL) at 80 kV.
Live-cell imaging. Time-lapse confocal images were obtained with an Olympus FV10i (Olympus). RAW264.7 cells were
